The nucleotide sequence of the gene encoding the major capsid protein (MCP) of frog virus 3 (FV3) has been determined and compared to other iridovirus capsid genes. Nucleotide sequence and S1 nuclease analysis showed that the FV3 MCP gene encoded a transcript of 1452 nucleotides containing a 12 nucleotide AU-rich 5 nontranslated region (NTR) and a 50-nucleotide 3 NTR whose terminus was predicted to fold into a hairpin of moderate stability. An open reading frame initiating from the 5-most AUG codon encoded a protein of 463 amino acids with a predicted molecular weight of 49,860. Expression of the putative FV3 MCP gene in vitro confirmed that it encoded the major capsid protein of FV3 and supported the suggestion that translation initiated at AUG-1. Pairwise amino acid alignments detected a high degree of sequence identity between the FV3 MCP and other iridoviruses. These results indicate that iridoviruses possess an evolutionarily related major capsid protein and provide information useful not only in studies of viral gene expression, but also in characterizing newly isolated iridoviruses. ᭧
The family Iridoviridae comprises a diverse group of regulated (10). As a prelude to these studies, the major capsid protein (MCP) gene was cloned and sequenced, DNA-containing viruses infecting both insect and vertebrate hosts (1, 2). Although iridoviruses have not been as and the transcriptional and translational initiation and termination sites were determined. The deduced amino extensively studied as other virus families, they possess several features that may serve to elucidate important acid sequence of the FV3 MCP showed marked sequence identity with diverse iridoviruses. This informabiological properties and evolutionary relationships (3). For example, reminiscent of some bacteriophages, irition, coupled with in vitro expression, radioimmune precipitation, and proteolytic mapping, confirmed the identidovirus genomes are circularly permuted and terminally redundant (4). Furthermore, unlike other DNA viruses, fication of the cloned gene as the FV3 MCP and indicated that iridovirus capsid proteins are functionally and strucwhich replicate their genomes solely within the nucleus, turally similar. iridovirus DNA is synthesized in two stages. GenomeThe FV3 MCP gene was localized to the SalI-F fraglength molecules are synthesized in the nucleus and ment by translating messages selected by hybridization subsequently transported to the cytoplasm where a secto cloned restriction fragments (12, 13) . Deletion subond round of replication results in the formation of conclones were constructed, sequenced (14) , and the 5 and catemers (5). Transcription of methylated viral DNA (6) 3 termini of the MCP transcript mapped by S1 nuclease is catalyzed by host cell RNA polymerase II (7) and reanalysis (13) . The nucleotide sequence of the complete quires the cooperation of one or more trans-acting viral MCP transcript along with proximal flanking regions and proteins (8, 9). Finally, frog virus 3 (FV3) genes are exthe deduced amino acid sequence are shown in Fig. 1 . pressed in a temporally controlled fashion and are reguAs with other iridovirus messages, the 5 nontranslated lated both transcriptionally and translationally (3, 10, 11). region (NTR) was very short (12 nucleotides) and AU-rich, In an attempt to understand how FV3 selectively synthe 3 NTR terminated in a moderately stable hairpin, and thesizes virus-specific proteins, we have focused our atmicroheterogeneity was detected at both ends of the tention on the FV3 major capsid protein, a late gene transcript (11, (15) (16) (17) (18) (19) (20) . In addition, intergenic regions product whose expression appears to be translationally were short and contained overlapping transcriptional signals, introns were absent, and TATA-like and CAAT box- (14) . Nucleotide 1 denotes the transcriptional start site and is indicated by a downward-pointing arrowhead. The 3 end of the MCP message is at position 1452 and is also marked by a downward-pointing arrowhead. The 3 terminus of an upstream gene is indicated by an upward-pointing arrowhead at position 032, whereas a second gene (ICR-489) initiates transcription immediately downstream of position 1495. TATA-like elements are boxed, CCAAT-like motifs are indicated by double-underlining, and regions of dyad symmetry are marked by opposing arrows. The deduced amino acid sequence is shown using the single-letter code.
AUG codon located 12 nucleotides from the 5 end and polymerase chain reaction and cloned into the vector pCRII (InVitrogen). Oligonucleotides complementary to seterminating at an UAA codon at position 1401 is predicted to encode a protein of 463 amino acids with a calculated quences found at the 5 and 3 termini of the MCP transcript were used as primers, and MCP cDNA was amplimolecular weight of 49,860.
Because the sequence context around the four 5-most fied in a reaction containing 50 mM NaCl, 10 mM TrisHCl, pH 9.3, 3 mM MgCl 2 , 0.01% (w/v) gelatin, 40 mm AUG codons did not precisely match the eukaryotic consensus sequence for translational initiation (21) and betetramethylammonium chloride, 200 mmol of each dNTP, 1 mmol of each primer, and 5 units of Taq DNA polymerase. cause the amino acid terminus of the FV3 MCP was blocked (unpublished observation), it was not clear at Reactions were incubated for 5 min at 94Њ followed by 28 cycles consisting of 94Њ, 1 min, 45Њ, 2 min, and 55Њ, 3 min, which AUG codon translation initiated. Therefore, to determine the position of the MCP initiation codon and to conand a single cycle at 55Њ for 5 min. The deletion mutants pCR-t17 and pCR-t97 were generated similarly using as firm that the cloned gene was authentic MCP, we generated vectors capable of expressing in vitro either a fullforward primers oligonucleotides that hybridized 17 and 97 nucleotides downstream from the 5 terminus. Orientalength MCP transcript (pCR-48K) or transcripts missing 17 or 97 nucleotides (pCR-t17 and pCR-t97, respectively) from tion of the inserts was determined by restriction enzyme analysis and confirmed by sequencing the junction rethe 5 terminus. To achieve this, cDNA corresponding to the complete FV3 MCP transcript was amplified by the gions of each plasmid.
resulted in the synthesis of progressively smaller proteins and supported the suggestion that translation of full-length MCP mRNA initiated at the 5-most AUG codon. The ability of the t17 transcript to direct synthesis of a protein which was precipitable by BG11 and that shared proteolytic digestion products with authentic MCP suggested that translation initiated predominantly at AUG-3 and not at AUG-2 (the 5-most initiation codon). Bypassing AUG-2 (which is in a different reading frame from AUG-1, -3, and -4) may reflect leaky scanning and be due to the poor sequence context surrounding this codon (21, 23) .
To examine the relatedness of iridovirus MCPs, pairwise and multiple alignments were performed using p_alignseq and p_multialign (Prophet). Pairwise and multiple alignments (Fig. 4) showed marked sequence identity/similarity between FV3 and the other iridoviruses. Calculation of the match ratio showed that the FV3 MCP As noted by Schnitzler and Darai (24) and confirmed here, were treated with SDS sample buffer lacking 2-mercaptoethanol and the three insect iridoviruses are closely related to each containing S. aureus protease V8 (29) . Samples were electrophoresed overnight, and the proteolytic products were visualized by autoradiography.
To confirm the identity of the cloned gene as the FV3 major capsid protein and to identify the AUG initiation codon, plasmid DNA containing full-size or truncated MCP genes was transcribed in vitro using SP6 RNA polymerase, and in vitro transcripts were translated in rabbit reticulocyte lysates in the presence of [
Comparison of Staphylococcus aureus protease V8 proteolytic digestion profiles (Fig. 2) showed that the authentic in vivo product, as well as full-size and truncated in vitro products, shared several proteolytic digestion products in common, suggesting that the cloned gene was authentic MCP and that full-size and truncated transcripts were translated in the same reading frame. To determine the location of the translational start codon, radiolabeled proteins synthesized in vitro were immunoprecipitated using a mouse monoclonal antibody (BG11) other, whereas the two vertebrate viruses are more disof the FV3, ASFV, and PBCV-1 capsid proteins indicates a distant evolutionary relationship between these taxotantly related both to each other and to the insect viruses. In addition to high overall amino acid identity, several nomically different viruses or is a consequence of similar functions is not known. These results indicate that deconserved regions were also identified within the MCP (Fig. 4) . These include sequences at the amino and carspite replication in hosts from widely diverse phyla (Insecta and Chordata), iridovirus capsid proteins show reboxy termini as well as within the central portion of the protein. Aside from the identities noted above, a search markable similarity in amino acid sequence.
To relate structure and function, we compared the loof the SwissProt, PIR, and GenPept protein data bases using the BLASTp algorithm (25) identified several cation of conserved regions within the FV3 MCP to predictions of secondary structure, antigenicity, and hydromatches between the FV3 MCP and the capsid proteins of PBCV-1 (family: Phycodnaviridae) and African swine phobicity (Fig. 5) . We observed that all but one of the conserved amino acid sequences were found within hyfever virus (ASFV). The strongest match involved the aforementioned central region (FV3 aa 175-219) . Within drophobic regions where b-sheets were the predominant, if not exclusive, structural feature. In contrast, the this region, 40% of the ASFV amino acids were identical to those of FV3 and 63% were similar, whereas 45% of eight predicted antigenic regions were found in areas that were hydrophilic, organized as coils or turns rather the PBCV amino acids were identical to those of FV3 and 77% were similar. Whether the conserved central region than as b-sheets or a-helices, and showed a high level truncated MCP messages translated efficiently in this study when previous observations indicated that late FV3 messages were poorly translated in vitro (10, 11)? We suggest that the reduced translational efficiency of late viral messages may only be seen under competitive conditions, and not when a single transcript species is translated in vitro. Perhaps MCP's short 5 NTR inhibits translation under competitive conditions in vitro (24) whereas other regions of the message, in association with transacting proteins, contribute to high levels of translation in vivo. Alternatively, efficient translation of MCP transcripts synthesized in vitro may be an artifact and reflect the stimulatory effect of vector-encoded nucleotides added to the 5 NTR. To address this issue, we intend to transfect cells with plasmid DNA capable of expressing message, utilizing alternative initiation codons, encodes two distinct proteins. Transfection experiments using TKdeficient cells as recipients and plasmids expressing fullof flexibility. This analysis suggested that the iridovirus capsid protein was composed of a hydrophobic core size MCP or a truncated version containing only the TKlike sequences should allow us to answer this question. containing the conserved regions and a hydrophilic exterior that comprised the principal antigenic determinants.
Sequence analysis of the FV3 MCP extends previous ACKNOWLEDGMENTS studies (18, 24) and shows that capsid proteins from three different genera within the family Iridoviridae are (family: Phycodnaviridae) and African swine fever virus (unclassified). Pairwise and multiple alignments showed that iridoviruses could be classified into three distinct REFERENCES categories (corresponding to previously defined genera) Marked sequence conservation among iridovirus capsid 2. Williams, T., and Cory, J. S., J. Gen. Virol. 75, 1291 Virol. 75, -1301 Virol. 75, (1994 two questions unanswered: (a) Why were full-length and
